gosity for a novel missense mutation in exon 3 of the CLDN19 gene (389G 1 A) resulting in G130D amino acid substitution. Bioinformatic analysis supported the pathogenicity of the identified mutation. Family screening revealed nephrolithiasis in 3 of 6 (50%) heterozygous carriers of the pathogenic mutation. Conclusion: This study supports the fundamental role of claudin 19 for magnesium homeostasis, normal tubular structures in the kidney, and undisturbed organization and development of the retina.
Introduction
Familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC) was first described in 1972 [1] and is characterized by excessive renal magnesium and calcium wasting and nephrocalcinosis [2] . The disorder is inherited in an autosomal recessive fashion and usually leads to end-stage renal disease (ESRD) in the second to fourth decades of life. The clinical appearance in affected patients is often uniform, although time to ESRD shows considerable variation, even among siblings. All affected individuals exhibit marked hypomagnesemia with hypercalciuria and nephrocalcinosis. The severity of nephrocalcinosis is usually correlated with rapid progression to ESRD, but this association was disputed in some of the literature [3] [4] [5] [6] . Other symptoms at onset include recurrent urinary tract infections, nephrolithiasis, polyuria, polydipsia, failure to thrive, muscular tetany, hypocitraturia, impaired glomerular filtration rate and incomplete distal renal tubular acidosis [7] . Ocular abnormalities and hearing impairment have been reported as inconsistent extrarenal findings. The only known cure is renal transplantation; however, symptomatic treatment in the form of magnesium citrate and calcium replacement, or the use of hydrochlorothiazide only delays the onset of ESRD [3] . Mutations in the gene CLDN16 mapping to chromosome 3q27 were identified as the underlying genetic defects in FHHNC. CLDN16 encodes claudin 16 (CLDN16), a tight-junction protein of the claudin multigene family that is expressed in the thick ascending limb of Henle (TALH) and the distal convoluted tubule [8] . Several mutations in the CLDN16 have been reported so far.
Konrad et al. [9] mapped another gene (CLDN19) for autosomal recessive renal magnesium loss to chromosome 1p34.2 in patients affected by FHHNC and significant ocular abnormalities, including macular colobomata, nystagmus and myopia. CLDN19 encodes for claudin 19 (CLDN19), a recently identified member of the claudin multigene family. CLDN19 is expressed at high levels in the kidney and the eye. To date, six different mutations have been reported in the CLDN19 gene [9, 10] . In this paper, we describe a novel CLDN19 mutation in a Pakistani family affected with FHHNC and severe ocular disease.
Subjects and Methods
The proband was a 19-year-old boy from a consanguineous Pakistani family ( fig. 1 a) living in a remote village in Punjab province. The proband and his family members were clinically examined at the Children's Hospital and the Institute of Child Health, Lahore, Pakistan. Before the start of the study, approval was obtained from the Quaid-i-Azam University institutional review board. In addition, informed consent was obtained from the family members (III-1, III-2, IV-1, IV-4, IV-6, IV-7 and IV-8) who participated in the study.
Venous blood samples were obtained from 7 family members and genomic DNA was extracted from whole blood following a standard protocol. Microsatellite markers tightly linked to the CLDN16 (D3S3686, D3S3651, D3S3628) and CLDN19 (D1S3721, D1S2130, D1S2645) genes were polymerase chain reaction (PCR) amplified from genomic DNA. The PCR was carried out according to a standard procedure in 50-l reaction volumes containing 100 ng of genomic DNA, 20 pmol of each primer, 200 M of each deoxynucleoside triphosphate, 2.5 units of Taq DNA polymerase (MBI Fermentas) and 1 ! PCR buffer. The thermal cycling conditions used were: 95 ° C for 5 min, followed by 40 cycles of 95 ° C for 1 min, 53-58 ° C for 1 min, 72 ° C for 1 min, and a final extension at 72 ° C for 10 min. PCR was performed by use of the Palm-Cycler gradient thermal cycler (Corbett Life Science, Australia). The PCR products were resolved on 8% non-denaturing polyacrylamide gel and genotypes were assigned by visual inspection.
To screen for the mutation, each of the exons and adjacent exon/intron boundaries of the CLDN16 and CLDN19 genes were PCR amplified from genomic DNA using primers designed from intronic sequences of the two genes. The sequences of the primers are available upon request. PCR products were purified using the Gene JET PCR purification kit (Fermentas Life Sciences) and were sequenced in Applied Biosystems automatic sequencer 3730XL, using the BigDye terminator cycle sequencing kit V3.1 (PE Applied Biosystems, Foster City, Calif., USA) following purification by ethanol precipitation. Sequence variants were identified using BioEdit Sequence Alignment Editor version 7.0.5.3.
The identified mutation obliterated the restriction site for Stul enzyme, so its presence was assayed by PCR amplification of CLDN19 exon 3 from genomic DNA, digestion of the product with Stul (Fast Digest, Fermentas Life Sciences), and separation of the resulting fragments by agarose gel electrophoresis with direct visualization using ethidium bromide. , which is mutated from G to A, resulting in a G130D missense mutation. i An ethidium bromide-stained agarose gel containing a 574-bp amplified product that was digested with Stu1 . The digested PCR products from a normal control individual, heterozygous carriers (III-1, III-2, IV-1, IV-4, IV-6 and IV-7) of the family and an affected individual (IV-8) are shown. The normal PCR product was digested into 385-and 189-bp fragments, whereas the 574-bp products with the G130D defect were not digested. A 100-bp DNA ladder is shown on the left. j Amino acid sequence alignment of the third transmembrane domain of claudin 19 in 18 vertebrate species. The G130 residue (indicated by an arrow) was completely conserved among these species. k Schematic representation of the claudin-19 protein and G130D mutation. TM = Transmembrane domain; C = carboxy terminal; N = amino terminal. Multiple sequence alignments of CLDN19 proteins in 18 vertebrate species and other related members of the human claudin superfamily were generated with T-Coffee [11] . The effect of amino acid substitution on protein function was predicted using SIFT (sorting intolerant from tolerant), PolyPhen, PAN-THER and Align-GVGD [12] [13] [14] [15] . A reference protein sequence (ENSG00000164007) of the human CLDN19 gene was used as the input for SIFT, PolyPhen and PANTHER. Default query options were used for SIFT and PolyPhen prediction. MSA of the CLDN19 proteins in vertebrate species was used as the input MSA for Align-GVGD. The CLDN19 reference protein sequence and mutant CLDN19 sequence were analyzed by the GOR IV secondary structure-prediction method [16] .
Results

Clinical Presentation
The patient with short stature (-3.2 SDS below the mean for chronological age) was referred for polyuria, polydipsia and recurrent attacks of tetany at the age of 14 years. He was the youngest child in a consanguineous family and was born at term after a normal pregnancy. Laboratory investigations revealed hypomagnesemia, hypocalcemia, hypermagnesuria and hypercalciuria ( table 1 ). Arterial blood gases and serum electrolytes were normal. Radiological examination ( fig. 1 b-d) revealed bilateral nephrocalcinosis and renal osteodystrophy including genu valgum (knock-knee) deformity. Ophthalmologic examination revealed severe ocular abnormalities ( fig. 1 e-g ) including macular colobomata of the left eye and posterior staphyloma in the right eye. The patient had significant myopia with 15° left exotropia and nystagmoid movement in left gaze. In addition, both eyes showed increased tortuosity of the retinal arteriolar vessels. Since both parents were healthy, the inheritance pattern was likely to be autosomal recessive. The patient was treated with magnesium and calcium salts, calcitriol, potassium citrate and hydrochlorothiazide. Serum calcium and magnesium levels were not normalized after treatment, whereas urinary calcium/creatinine and magnesium/creatinine ratios were reduced.
Screening of the phenotypically unaffected members of the family was performed for hypomagnesemia, hypercalciuria, nephrocalcinosis and nephrolithiasis. One individual (IV-7) revealed bilateral nephrolithiasis (an 8.5-mm stone in the middle calyx of the right kidney and a 12-mm stone at the right UV junction, while an 8.8-mm stone was present in the middle calyx of the left kidney). Two members (IV-1, IV-6) revealed unilateral nephrolithiasis (8.9-and 11-mm stones, respectively) in the middle calyx of the left kidney.
Genotyping and DNA Sequence Analysis
Genotyping of the patient and 6 normal individuals of the family was performed with microsatellite markers Th e GFR was estimated from serum creatinine using the Schwartz formula (*) and MDRD equation (**). ND = Not determined. mapped in the regions of CLDN16 and CLDN19 genes. The markers were fully informative, and the results revealed that the patient was homozygous for the markers D1S3721, D1S2130 and D1S2645, suggesting linkage to the CLDN19 gene ( fig. 1 a) . However, both the CLDN16 and CLDN19 genes were screened for mutation detection in the proband and his family members. Sequence analysis of exon 3 of the CLDN19 gene revealed a G to A transition at nucleotide position 389 ( fig. 1 h) , resulting in glycine to aspartate (G130D) amino acid substitution. The mutation was confirmed by bidirectional DNA sequencing. The parents (III-1, III-2) and 4 normal individuals (IV-1, IV-4, IV-6 and IV-7) of the family were heterozygous for the mutation. To ensure that the mutation does not represent a neutral polymorphism in the Pakistani population, 100 ethnically matched healthy control individuals were screened for the mutation by PCR followed by direct sequencing and StuI restriction assay ( fig. 1 i) . The mutation was not identified outside the family. Sequence analysis also revealed a synonymous singlenucleotide polymorphism (c.261C 1 T) in exon 2 of the CLDN19 gene in a homozygous condition in the affected and normal individuals of the family. No other sequence variant was identified in the family in either the CLDN16 or the CLDN19 gene.
Bioinformatic Mutation Analysis
Multiple alignment of the amino acid sequence of the CLDN19 gene among 18 vertebrate species using T-Coffee revealed 47% identity and 63% similarity. The identity and similarity in the third transmembrane domain (TMD) were 17 and 30%, respectively (among the claudins, the amino acid sequences of the first and fourth transmembrane segments and the first and second extracellular loops are highly conserved, whereas the sequences of the second and third transmembrane domains are more diversified) [17] . The G130 residue in the third TMD was completely conserved among CLDN19 genes across all species ( fig. 1 j) . Multiple sequence alignment of the human CLDN19 with human claudin 1, 3, 4, 7, 8, 10, 11 and 16 was also performed. The analysis revealed that G130 was highly conserved (78%), existing as either a glycine or an alanine (similar hydrophobic) amino acid. These eight claudins, in addition to CLDN19, are known to reside in the distal tubules and collecting ducts, and their roles in paracellular transport of cations in the renal tubules have been demonstrated. The biological importance of these claudin members in renal and other organs has been demonstrated in mutants and gene-targeting studies as well [18] . Evolutionary conservation analysis of mutated amino acid residue G130 utilizing amino acid substitution matrix (PAM 260) revealed a log odd score of 5.0 for a G to G self-substitution, 1.0 for a G to D substitution and ^ 1.0 for any other substitution at this position. A lower score indicated that G to D is not a favored substitution at this position.
The pathogenicity of G130D mutation was supported by SIFT analysis, which predicted that G130D substitution will affect the protein function with a probability score of 0.00 (the threshold score for intolerance of a substitution was 0.05; the amino acids with probabilities of ! 0.05 were predicted to be deleterious). Polyphen analysis predicted G130D substitution to be probably damaging with a score of 2.392 (score ranges from 0 to a positive number, where 0 is neutral, and a high positive number is damaging). PANTHER predicted G130D substitution to have a deleterious effect on protein function. The PAN-THER subPSEC (substitution position-specific evolutionary conservation) score was below -3; the previously identified cutoff point for functional significance and the probability of functional impairment (P deleterious ) was 0.65 [19] . ALIGN-GVGD analysis predicted that G130D substitution will most likely interfere with protein function (class C65). The GOR IV secondary structure-prediction method predicted that replacement of glycine with aspartic acid at position 130 in the third TMD of claudin-19 may disrupt the arrangement of adjacent extended strands in the protein. This may be due to the fact that glycine is a very unique amino acid in that it contains hydrogen as its side chain and therefore offers extraordinary conformational flexibility.
Discussion
Epithelia serve as selective and protective barriers in multicellular organisms. Epithelial cells are interconnected by a series of intercellular junctions, collectively known as the epithelial junctional complex, which is composed of tight junctions (TJs), adherens junctions and desmosomes. The TJs are heteromeric protein complexes that form the principal barrier or gate to selectively regulate paracellular diffusion. They also act as a molecular fence to maintain cell polarity by separating the apical and basolateral membrane components. In addition, the TJs act as signaling centers by mediating the bidirectional transmission of information between the environment and the cell interior to control paracellular permeability and differentiation. The major components of the TJs are claudins, which form ion-selective paracel-lular pores through the TJs and determine the selectivity of the paracellular transport. Claudins are a large multigene family consisting of 24 members in mammals. The tissue-specific expression of different claudins underlies the different barrier properties seen by different types of epithelia. Claudins bear four transmembrane domains ( fig. 1 k) , a short intracellular NH2-terminal sequence ( ϳ 7 residues), a large first extracellular loop ( ϳ 52 residues) and a shorter second extracellular loop ( ϳ 16-33 residues), and a cytoplasmic COOH-terminal sequence that varies considerably in length ( ϳ 21-63 residues) between different isoforms [20, 21] . The only inherited disease known to be caused by claudin mutations so far is FHHNC. The responsible proteins CLDN16 and CLDN19 are required for renal reabsorption of Mg 2+ in the TALH [10] , where approximately 50-60% of the filtered Mg 2+ is reabsorbed via the paracellular pathway [22] . CLDN16 and CLDN19 completely colocalize in the TALH and thin ascending limbs of Henle. However, CLDN19 is also expressed at high levels in the retina [9] . When coexpressed in a yeast two-hybrid system, CLDN16 and CLDN19 interact in a synergistic manner and form a cation-selective TJ complex [10] . These data explain the fact that CLDN19 mutations are associated with a similar phenotype to that due to CLDN16 mutations except that the patients manifest severe ocular involvement.
In this study, we have identified a novel CLDN19 mutation in a Pakistani patient with FHHNC and severe ocular disease. The identified mutation (G130D) replaces a neutral with a negatively charged amino acid located in the third TMD of claudin-19 protein. Six different mutations have been reported in the CLDN19 gene so far [9, 10, 23, 24] . The mutations, G20D and P28L lie in the first TMD; V44M and Q57E lie in the first extracellular loop; L90P lies in the second TMD, and G123R lies in the third TMD of the protein. CLDN19 significantly lost its function when any of the mutants (G20D, Q57E, L90P, G123R) were expressed in LLC-PK1 cells. In the yeast two-hybrid assay, G123R mutation severely affected CLDN19 heteromeric interaction with CLDN16 [10] . Moreover, the G130D mutant is homologous to the previously reported claudin-16 mutant G198D, also responsible for FHHNC [25] . Transfection of LLC-PK1 cells with the G198D mutant showed no variation at the level of transcription; while the mutant protein was not detectable with immunofluorescence staining or Western blotting, suggesting that it was instantly degraded [26] . Therefore, the G130D mutation in CLDN19 may be predicted to cause loss of protein function and affect the heteromeric interaction of CLDN19 with CLDN16.
Serum calcium and magnesium levels in the patient presented herein remained low despite administration of calcium and magnesium supplements, as previously reported [3] . Hydrochlorothiazide is known to reduce urinary calcium excretion rates and increase magnesium uptake in a dose-dependent manner [27] . However, in a study of 25 FHHNC families [3] , no sustained reduction of hypercalciuria was achieved in the majority of patients with hydrochlorothiazide treatment. In our patient, hydrochlorothiazide administration reduced the urinary calcium/creatinine ratio and magnesium/creatinine ratio ( table 1 ) , as previously reported [5] . In contrast, the glomerular filtration rate decreased from 83 ml/min/ 1.73 m 2 (stage 2 of chronic kidney disease) at the time of diagnosis to 52 ml/min/1.73 m 2 (stage 3 of chronic kidney disease) at the end of follow-up. Therefore, the calcium/creatinine ratio in our patient did not correlate with the extent of renal impairment as previously described [3, 5] .
The proband presented with severe short stature (-3.2 SDS below the mean for chronological age), and substitution of calcium, calcitriol and hydrochlorothiazide did not improve his height during the follow-up period. Growth failure is a well-documented clinical manifestation in hereditary tubular disorders. However, the median body height in previously reported FHHNC patients varied from -0.9 to -1.7 SDS, while only 1 patient had SDS below -3.0 [5, 28] and all patients benefited from the substitution of calcium, calcitriol and hydrochlorothiazide [5] . Sanjad et al. [29] recently described extreme short stature (median body height -6.9 SDS) in an FHHNC family with the CLDN16 gene mutation. However, the role of the CLDN16 gene mutation in the short-stature phenotype in their reported family was inconclusive because 1 unaffected sibling, an obligate heterozygote, was also short.
Ultrasongraphic examination of both kidneys of heterozygous members of the affected family revealed either unilateral or bilateral nephrolithiasis in 3 of 6 (50%) individuals. Comparable observations have previously been reported in families affected with FHHNC due to CLDN16 gene mutations [3] . It has been suggested that mutation analysis of families affected by familial hypercalciuria with nephrocalcinosis and/or nephrolithiasis (with an apparently dominant mode of inheritance) would demonstrate heterozygous mutations in the CLDN16 gene in a number of families. A similar relationship may be expected between isolated hypercalciuria/nephrolithiasis and CLDN19 gene mutations.
Conclusion
The identification of a novel mutation in the CLDN19 gene strengthens the evidence that FHHNC with severe ocular disease is caused by a dysfunction of the renal TJ protein CLDN19. The study supports the crucial role of CLDN19 in the formation of TJs in the kidneys to maintain magnesium homeostasis and its important role in the eye in the organization and development of the retina. However, further studies are required to establish the exact molecular mechanism of mutations in the development of FHHNC. Understanding the molecular defects of CLDN19 in FHHNC patients should be helpful in the genetic counseling of affected families and may improve specific therapeutic strategies to prevent the development of ESRD in the future.
